IV. Hypersensitivity to Culture Filtratest Culture filtrates of most Gram-positive bacteria, unlike those of Gramnegative bacteria, are usually nonpyrogenic when injected intravenously in normal rabbits. Filtrates from several strains of Staphylococcus aureus, however, regularly produce fever.' Several characteristics of the response to intravenous injection of 18-hour broth culture filtrate of the Giorgio strain resembled those described in other hypersensitivity reactions, and suggested that fever was a manifestation of a naturally acquired delayed hypersensitivity to a staphylococcal product (or products). The specifically increased reactivity of infected rabbits to Giorgio filtrate, the lymphopenia that followed injection, and the rapidly acquired but Received for publication 2 July 1964. 130 Studies in staphylococcal fever I BODEL, ATKINS heated at 560 C. for 45 minutes to remove traces of alpha hemolysin. This mixture was incubated for one and one half hours at 370 C. with occasional shaking. The cells were then washed three times with large volumes of saline and resuspended in 50 ml. saline. Two tenths ml. of the suspension were added to an equal volume of rabbit serum, previously absorbed against a ten per cent sheep cell suspension. Hemagglutinin reaction was read at 24 hours.
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RESULTS
Response to injection of 80-81 culture filtrate after infection writh 80-81 staphylococci Rabbits newly admitted to the colony did not react with fever to intravenous injection of 1 ml. broth filtrate from overnight cultures of strain 80-81. Since infection with the Giorgio strain of staphylococcus had been shown to augment a normal febrile response to Giorgio filtrate,' it was reasoned that after infection with the 80-81 strain, rabbits might exhibit a pyrogenic response to culture filtrate of this microorganism.
Twelve new rabbits were each injected intravenously with 1 ml. of an 80-81 culture filtrate and their temperatures were recorded (Fig. 1) . Six rabbits then received intravenously 3 x 107 washed 80-81 staphylococcal cells resuspended in saline. This number of staphylococci regularly produces chronic pyelonephritis in rabbits.' The other six rabbits received a series of three weekly intradermal inoculations of 1 x 107 washed cells, in order to produce delayed hypersensitivity to staphylococcal products by repeated intradermal infections. Two to four weeks after the initial infection, both groups received a second intravenous injection of culture filtrate and again temperatures were recorded. As shown in Figure 1 , rabbits infected by either the intravenous or intradermal route developed marked febrile responses to culture filtrates of 80-81 strain. Three uninfected control animals, not shown in Figure 1 , remained unreactive to filtrate injection when tested at intervals from 3 weeks to 3 months.
Attempts to correlate circulating antibody with fever Staphylococcal infection in rabbits produces both an elevation in serum antibody levels and a delayed hypersensitivity to staphylococcal products."7 Hence, the fever which follows infection may be related to circulating or with absence of the lymphopenia. Results were variable and correlated with the degree of tolerance induced. A single rabbit which became completely tolerant had no lymphopenia. Another rabbit, which had slight fever, developed a delayed lymphopenia, whereas the third rabbit which showed no tolerance, had a lymphopenia indistinguishable from its initial response.
Passive transfer of reactivity to fdtrate pyrogen In systems of delayed hypersensitivity, passive transfer of reactivity to an antigen is characteristically accomplished with mononuclear cells from sensitized to nonreactive recipients. The following experiment was devised to determine if a febrile response to intravenous challenge with 80-81 culture filtrate could be produced after transfer of spleen or lymph node cells from previously infected (sensitized) donor animals to normal rabbits.
Rabbits which had been infected with 80-81 staphylococci intravenously, and had subsequently developed a febrile response to filtrate injection, was completely unreactive to injection of filtrate on day 5 after transfer, one on day 11, and one on day 19. were used as donor animals. They were exsanguinated by cardiac puncture; spleens and mesenteric lymph nodes were removed using aseptic technique, and the tissues separately minced and forced through 40 mesh wire gauze with a small amount of saline. were no longer present 72 hours after transfer. Several experiments idetitical in technique with those described above were unsuccessful.
Attempts to transfer reactizvty to filtrate pyrogen with serum Serum from the animals used in the experiments described above was given intravenously in 30-50 ml. amounts to normal rabbits previously having no fever to 1 ml. of 80-81 filtrate. One or two hours later, 1 ml. of 80-81 culture filtrate was injected intravenously, and temperature recorded. No transfer of reactivity to filtrate pyrogen was accomplished in five attempts.
Dermat reactivity to concentrated culture filtrate A concentrate of 80-81 filtrate was prepared in an attempt to produce delayed hypersensitivity skin responses in rabbits which reacted with fever to intravenous filtrate injection.* Early experiments, in which filtrate was concentrated 25 times, indicated that weak positive skin tests occurred in both previously infected and normal groups of rabbits. Measurements of induration at 48 hours showed little difference in size between the filtrate positive rabbits and the controls. When a more active skin-test material was prepared, strongly positive reactions were observed ( Figure 5 ) in 4 of 4 previously infected rabbits, and 2 of 3 filtrate negative controls. The size of the induration at 72 hours varied from 3-8 mm. in diameter. Control responses to a similarly prepared concentrate of broth were minimal or negative. It appears that "natural" hypersensitivity to staphylococcal filtrate antigens is sufficient to produce a positive skin test in normal rabbits, most of which also react with fever to larger doses of 80-81 culture filtrate. No difference in reactivity can be demonstrated with this material between groups of rabbits which show a difference in pyrogenic response to a small amount of filtrate. Certain observations suggest, however, a relation between skin-test reactivity and pyrogenic response to filtrate. After skin tests were provoked, the febrile response to filtrate injection was absent in several rabbits, and only gradually reappeared over several weeks. When repeated skin tests were performed at 3 to 5 day intervals, the dermal reactions also became very weak or negative sug-* To 150 ml. of an 80-81 staphylococcus 18-hour broth culture filtrate was added 60 ml. of 50% trichloracetic acid. After standing at 2' C. for two hours, the suspension was centrifuged, and the precipitate redissolved in 30 ml. of distilled HR0 plus sufficient IN NaOH (about 2 ml.) to bring the final pH to 7.5. Absolute alcohol (180 ml.) was then added, and after standing at 2°C. overnight, the precipitate was recovered by centrifugation and dissolved in 2 ml. of .3% NaCl. One or two tenths was injected intradermally in rabbits, and induration measured at 48 and 72 hours. .Studies in staphylococcal fever I BODEL, ATKINS gesting that the animals had been desensitized by the first intradermal injection of filtrate antigen.
The relation between pyrogens in different filtrates
As previously reported, a variable amount of pyrogen was found in culture filtrates of three strains of staphylococci-Giorgio, strain 3A, 3B, 3C, and an encapsulated untypable strain.' The present paper has demonstrated a pyrogen in 80-81 culture filtrate given to rabbits which had been infected with 80-81 staphylococci. The following experiments were designed to investigate whether the pyrogens from three of these different strains were related.
Initial studies suggested that the pyrogen in 80-81 filtrate was the same as that in Giorgio filtrate, but present in much smaller amounts. Although most rabbits arriving in the colony did not react to 1 ml. of 80-81 filtrate, occasional ones did. Furthermore, a few rabbits given 5 or 10 ml. of 80-81 filtrate reacted with a moderate fever, which resembled the fever caused by 0.5 or 1 ml. of Giorgio filtrate. It was reasoned that if there were only a single pyrogen, present in greater amounts in Giorgio filtrate, then rabbits which were reactive to 80-81 filtrate should be hyperreactive to Giorgio filtrate. Two groups of rabbits were selected, one consisting of animals which reacted to injection of 1 ml. of 80-81 filtrate with fever of over a half degree Centigrade ("filtrate positive"), and the other, animals which were unreactive to filtrate injection ("filtrate negative"). Most of the "filtrate positive" rabbits had been previously infected with 80-81 staphylococci. Both groups were given a low dose of Giorgio filtrate (Fig. 6) . The 80-81 filtrate-positive rabbits clearly responded with a higher fever to this small amount of Giorgio filtrate than did the 80-81 filtrate-negative group.
Since individual rabbits vary markedly in their febrile responses to pyrogenic substances, it was necessary to eliminate the possibility that these two groups of rabbits consisted simply of hyper-and hypo-reactors. little or no fever following challenge with any of the standard pyrogenic stimuli). The groups of "filtrate positive" and "filtrate negative" rabbits were then challenged with both a low dose of Gram-negative bacterial endotoxin and a small amount of serum containing endogenous pyrogen. The results are shown in Figures 7 and 8 . Neither of these stimuli appeared to produce significantly higher fever in the "80-81 positive" rabbits. The similarity in the responses of different rabbits to Giorgio and 80-81 filtrate shown in Figure 6 thus may indicate reactivity to a common pyrogen.
The phenomenon of tolerance to staphylococcal filtrate has been described previously' and is believed to represent specific desensitization. Presumably, if rabbits are made tolerant (desensitized) to one antigen or antigens, they will show a specific loss of reactivity only to that particular antigen or antigens as has been shown in guinea pigs. 16 responsiveness to 80-81 filtrate after a series of injections of Giorgio filtrate, and suggest that these two filtrates contain antigenically identical, or closely related, pyrogens.
To confirm the specificity of this "desensitization," the same experiment was performed with two presumably unrelated antigens, old tuberculin and 80-81 filtrate, in rabbits sensitive to both antigens. After tolerance to 80-81 filtrate had been established by repeated injections (Fig. 10) , the response to old tuberculin showed no decrease and was, in fact, slightly augmented.
The relationship between pyrogens in filtrate from staphylococcal strains 3A and Giorgio was also tested by a cross-tolerance experiment, shown in Figure 11 . The similarity between these pyrogens was also confirmed, although in this case complete tolerance to Giorgio filtrate was not achieved in every rabbit. into rabbits previously sensitized to tubercle bacilli produces a systemic tuberculin reaction, which is accompanied by fever.'0 This reaction, however, is probably too complex to be considered a true delayed hypersensitivity phenomenon. In guinea pigs, which had been sensitized with diphtheria toxin-antitoxin precipitate, antigen injected intraperitoneally was shown to elicit a febrile response. A similar system of hypersensitivity to staphylococcal antigens is believed to be the cause of the febrile response to staphylocococcal filtrate in rabbits.
Evidence that the pyrogenic response to 80-81 filtrate in rabbits is a manifestation of delayed hypersensitivity may be summarized as follows.
1. Augmentation by infection. A specific delayed hypersensitivity to microbial products develops after a variety of infections.' In man, hypersensitivity has been demonstrated to staphylococcal extracts,' and has been 140 Volume 37, October, 1964 Studies in staphylococcal fever BODEL, ATKINS assumed to be the result of previous infections. Studies in rabbits have confirmed that staphylococcal infection increases skin reactivity to certain staphylococcal antigens, producing a typical tuberculin-type reaction. The specifically increased pyrogenic response to 80-81 filtrate following intradermal or intravenous infection with 80-81 staphylococci appears to be another manifestation of sensitization to bacterial products following infection.
2. Lymphopenia. During a systemic delayed hypersensitivity reaction to toxoid antigen in guinea pigs, lymphopenia was noted, beginning at about one hour and persisting for several hours. those observed in our febrile rabbits, both after challenge with Giorgio' and 80-81 filtrate.
3. Passive transfer of reactivity with mononuclear cells. Transfer of delayed hypersensitivity to bacterial products, as demonstrated by skin tests, has been accomplished in rabbits by several workers?-'4 using spleen or peritoneal exudate cells. In the experiments described above, transfer of lymph node cells and to a lesser extent, spleen cells, conferred reactivity to staphylococcal broth culture filtrate for a period of 1 to 3 weeks, as evidenced by fever.
4. Lack of transfer with serum. Although serum antibody has been shown to be implicated in the febrile response to bovine serum albumin in immunized rabbits,'5 serum antibody was apparently ineffective in transferring reactivity to staphylococcal filtrates in our experiments. This is consistent with the view that fever in this system is caused only by a delayed hypersensitivity reaction.
5. Desensitization. Uhr and Pappenheimer'6 showed that sensitized guinea pigs given a large (skin-desensitizing) dose of antigen became incapable of responding with fever to a similar injection for several days. In rabbits challenged with staphylococcal filtrate, such tolerance occurred after a few daily injections of filtrate. Usually one or two days after the filtrate injections were stopped, normal reactivity to filtrate could again be demonstrated. Furthermore, with animals sensitized to both staphylococcal and tuberculin antigens, tolerance to filtrate appeared to be specific for the particular pyrogen to which tolerance was induced.
Since normal rabbits respond with fever and positive skin reactions to staphylococcal products, it seems likely that inapparent infections with staphylococci are responsible for producing this sensitivity. Observations made over a period of several months during which staphylococci were being used in our laboratory appeared to confirm this impression. Whereas most rabbits entering the colony at the beginning of this period remained unreactive to 80-81 culture filtrate for several months, those rabbits entering the colony at the end of this period became reactive after several weeks. Several purulent skin infections were observed in the colony. Other workers have reported that staphylococci present on rabbit hairs are sufficient to produce skin infections following only a needle prick in occasional instances.' Normal rabbits have a low titer of serum antibody to staphylococcal products,'7 and increasing agglutinins with age have been reported.' Staphylococcal infection is known to be endemic, and occasionally epidemic, in wild rabbits. '9 We observed that staphylococcal antibody increased in titer in a few control animals tested over a period of several months, and that reactivity to 80-81 filtrate appeared spontaneously in them and in other rabbits during residence in the colony. Inapparent infection spreading in the colony seems the most likely explanation for these observations.
Hypersensitivity has been shown to augment the infectivity of staphylococci given intradermally to rabbits."In these experiments, hypersensitivity to staphylococcal filtrable products has been shown to cause a systemic reaction evidenced by fever and lymphopenia. The possible relation of this reaction to the pathogenesis of staphylococcal infection merits further study.
The pyrogens present in several staphylococcal strains appear to be similar or identical, although produced in varying amounts. Studies on the nature and identity of this material will be presented in a separate paper.
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Volume 37, October, 1964 Studies in staphylococcal fever BODEL, ATKINS SUMMARY Rabbits which initially had no fever following injection of 80-81 staphylococcal culture filtrate developed febrile responses to this material several weeks after intravenous or intradermal infection with washed staphylococci.
The febrile reaction did not appear to be correlated with circulating antibody, and was accompanied by a marked lymphopenia. Since passive transfer of reactivity to filtrate was achieved with lymph node cells from sensitized rabbits, but not with large amounts of serum, these responses to 80-81 filtrate appear to be due to a delayed hypersensitivity reaction.
Repeated inoculation of filtrate from any one of three different staphylococcal strains rapidly induced a pyrogenic tolerance to filtrate from the same or heterologous strain. The specificity of such cross-tolerance experiments suggests that the same or closely related pyrogen is present in filtrates from three staphylococcal strains.
It is likely that inapparent staphylococcal infection with subsequent "natural" hypersensitivity to a staphylococcal antigen or antigens is responsible for the febrile reaction of 'normal' rabbits injected intravenously with culture filtrates of this organism.
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